The inherent brittle mode in dislocated lath martensitic steel is cleavage on {100} planes in the microstructure. The transition to {100} cleavage fracture on cooling determines the minimum value of the ductiule-brittle transition temperature. A half-century of research on the microstructure and toughness of lath martensitic steels has produced a semi-quantitative understanding of the brittle transition to cleavage. The results identify the crystallographic "block" of lath martensite as the effective grain size that controls cleavage, and clarify why the internal structure of a block has the microstructure it adopts. The ductilebrittle transition temperature is strongly affected by the block size. Several effective metallurgical processes are now available to refine the block size without excessive strengthening, leading to martensitic structural steels that combine high strength with good low-temperature toughness.
Introduction
The problem of the ductile-brittle transition in structural metals has been known in some form for centuries, and was addressed scientifically as far back as the 19th century. It moved to the forefront of technological problems during the Second World War when literally hundreds of mass-produced "liberty ships" cracked or split open in northern waters. 1) This aquatic carnage motivated a substantial research effort on the ductile-brittle transition in steel, and stimulated the development of Fracture Mechanics as a science. The increasing technological need for cold-weather, arctic and cryogenic structures, along with a scientific fascination with the abrupt and catastrophic loss in properties at the ductile-brittle transition, has caused the ductile-brittle transition to remain an active research subject.
The ductile-brittle transition is, of course, a very broad subject. This brief paper addresses a small, but technologically important part of it. For context, recognize that there are at least three different fracture modes that are commonly referred to as "brittle fracture". (1) There is transgranular or transcrystalline cleavage fracture, in which planes of atoms separate under normal load. This is the "inherent" brittle fracture mode in ionic and covalent solids and in most bcc metals such as iron. (2) There is intergranular or interfacial fracture, in which the separation occurs along grain boundaries or at interfaces. While there are apparent examples of inherent intergranular fracture, for example, in some intermetallics and high-Mn steels, this fracture mode ordinarily involves a deleterious surfactant, precipitate or film along the interface. It is a particularly important mechanism of environmental embrittlement and can induce a ductile-brittle transition even in ductile fcc metals such as Al. (3) There is fracture via local plastic instability leading to "slip-plane decohesion" and similar phenomena. To a purist, this is not brittle fracture at all, since it involves intense local plastic deformation. However, it dramatically reduces fracture toughness and leaves a fracture surface that is flat and faceted on the microscale. It is, therefore, ordinarily described as brittle fracture. The hydrogen embrittlement of relatively ductile metals often uses this failure mode. In addition, there are mixed modes that are difficult to classify, such as brittle fracture by interfacial decohesion at deformation twins or deformation-induced transformation products.
While all of these brittle fracture phenomena are interesting and important, the present paper is focused on one of them: the brittle transition to cleavage fracture in dislocatedlath martensitic steels. This focus is taken for two reasons.
First, the ductile-brittle transition in lath martensitic steels has important technological implications. The most prominant of the high-strength steels now used or proposed for low-temperature, arctic or cryogenic service are lath martensitic steels, ranging from classic alloys like 4 340 to cryogenic steels such as 9Ni steel and the cost-effective Fe-Mn grades now under development to the most modern high strength/high toughness alloys such as Aermet 100 and AF 1 410. The alternatives tend to be Bainitic steels with similar (though less understood) microstructures.
Second, some forty years of research on the microstructure and toughness of lath martensitic steels has produced a semi-quantitative understanding of the brittle transition to cleavage that is becoming widely accepted and is increasingly driving the metallurgy of high strength steels. Moreover, the probative research tools required to map the complex crystallographic relations in lath martensites are now available in instrumentation that can be used effectively by non-specialists; the microstructure-property relations that were previously so difficult to ferret out are now being probed directly. It is now possible to discuss the fundamental mechanisms of the ductile-brittle transition in dislocated ISIJ International, Vol. 51 (2011), No. 10 martensite with some real confidence that its features are understood. Diagram and the Ductile-brittle Transi- tion A simple schematic that has proven very useful for understanding the source and control of the ductile-brittle transition is the "Yoffee diagram" shown in Fig. 1 . [2] [3] [4] This is an idealized representation of the relative likelihood of ductile or brittle fracture at the tip of a pre-existing crack. The Yoffee diagram is most useful for polygranular metals subject to cracks that are large compared to the grain size. More fundamental "fracture mechanics" models have been proposed (for example), 5, 6) and are particularly useful in the analysis of cleavage in single crystals, but are difficult to apply to the general case, and are not needed for the qualitative appreciation of the metallurgical issues involved. As the Yoffee diagram illustrates, when the applied stress is increased toward failure the peak stress at the crack tip first reaches one of two levels: the "yield" stress, σ Y , at which significant plastic deformation occurs, or the brittle fracture stress, σ F at which the crack propagates in a brittle mode. The yield strength increases as the temperature drops, and the ductile-brittle transition temperature, T B , is the temperature at which σ Y rises above σ F. The appropriate measure of "yield strength" in a Yoffee diagram is the maximum stress in the plastic zone at the crack tip, which, due to the geometric constraint, is 3-5 times the tensile yield strength, σ y. 2, 7, 8) The brittle fracture stress, σ F, is the lower of the stresses associated with the possible mechanisms of brittle fracture. Here we consider brittle fracture by the inherent low-temperature mode in ferritic steel: 9, 10) transgranular cleavage on the {100} cleavage planes.
Understanding the Ductile-brittle Tansition

The Yoffee
The Yoffee diagram suggests two generic ways to suppress the ductile-brittle transition: raising the brittle fracture stress (σ F) or lowering the effective yield strength (σ Y ). Since high yield strength is a desirable feature of a structural steel, most of the relevant research has concentrated on σ F. The common, and effective mechanism for raising σ F is to decrease the effective grain size of the steel.
The influence of grain size on the mechanical properties of steel is most commonly expressed in a series of constitutive equations that have the familiar "Hall-Petch" form. It follows from Eq. (2) that grain refinement raises the brittle fracture stress, but it also increases strength via Eq. (1) . If the grain size, d, has the same meaning in Eqs. (1)- (3), and if we assume the yield strength is approximately linear in T over the range of interest we can combine Eqs. (1) and (2) When Kf is greater than Ky, as it is in every case known to us, TB decreases as the grain size is refined and, therefore, decreases as the yield strength rises (Fig. 1) . To maximize the effect one would like to minimize the Hall-Petch slope for strength, Ky, while maximizing that for fracture, Kf.
To control the ductile-brittle transition via grain refinement we must know the meaning of the "effective grain size" in the microstructure, identify metallurgical techniques for adjusting it, and, if possible, choose from among those the techniques that create the best balance between strength and toughness. To address these questions we must understand the microstructure of lath martensitic steel.
The "block" Structure of Lath Martensitic Steel
While the basic microstructure of lath martensitic steel has long been known, 13, 14) its details have been significantly clarified through recent research using methods such as electron backscatter diffraction (EBSD) to identify the orientation of the relevant microstructural elements. The modern view of the lath martensite microstructure is presented, for example, in recent papers by Maki, Furuhara and coworkers. [15] [16] [17] Key features of the martensitic microstructure have also been found in Bainitic and ferritic steels, which broadens the applicability of the results.
In a typical dislocated martensite, the martensite laths have a Kurjumov-Sachs (KS) crystallographic relation to the parent austenite; they share a close-packed plane and close-packed direction. If the crystal axes are chosen so that the parallel close-packed planes are (111)γ || (011)α', then there are six possible choices for the shared close-packed directions, <110>γ || <111>α'. Maki and coworkers 15) have enumerated these six variants and labeled them V1, …, V6, as listed in Table 1 .
The complex mesostructure of a lath martensite that develops on quenching a large-grained prior austenite structure is illustrated in Fig. 2 , taken from Maki.
15) The prior austenite grains are divided into "packets" that are subdivided into "blocks" of martensite laths. When the blocks are small the laths are almost identical in their crystallography; they have the same KS variant. When the blocks are larger they are sometimes found to contain two interleaved KS σ σ
variants in the specific pairs: V1-V4. V2-V5, V3-V6. When the blocks are interleaved pairs then the packets ordinarily contain three crystallographically distinct blocks, one made from each pair. When the blocks are single-variant the packets contain up to six distinct blocks so that each KS variant is represented. While lath martensite is heavily dislocated to relax the substantial misfit strain of the martensite transformation, the microstructure that is described by Maki 15) can be generally understood on the basis of the elastic theory of phase transformations. 18, 19) The bcc structure is derived from the fcc by applying the "Bain strain": the fcc structure is compressed by about 23% along one cube axis and expanded by about 12% along the perpendicular axes (depending on the volume change) to create bcc. Since there are three choices for the compression axis, the transformation produces three distinct "Bain variants".
To reduce the elastic misfit energy to a tolerable level 18) the Bain strain is supplemented by a rotation and a small shear that brings the close-packed (011) plane of the bcc product into registry with one of the close-packed {111} planes of the fcc parent, and orients the plane so that lowindex crystallographic directions in the plane are also aligned. If we choose the [11 -0] γ direction in the (111)γ plane for illustration (Fig. 3) , there are three orientations of the (011)α' plane that produce low-energy configurations. 19) The first two of these, labeled K1X and K2X, are KurdjumovSachs (KS) crystallographic relations. The two KS relations are twin-related in the plane, and have different compression axes, that is, they are different Bain variants. Using a righthanded system of crystal axes (x, y, z), the x-axis is compressed to obtain K1X while the y-axis is compressed to generate K2Y. The third low-energy match, NZ, creates a Nishiyama-Wasserman orientation relation. In this case the compression is along the z-axis and, hence, represents the third Bain variant.
Since there are three choices of the close-packed direction in the (111) fcc plane, the planar alignment (111)γ || (011)α' provides 6 distinct KS relations and 3 NW relations. These are listed in Table 1 , using a notation that emphasizes the Bain variant of each (a modification of the notation used in Ref. 18) ). The Maki notation 15) is included for reference. There are, of course, 4 different ways to choose the {111}γ plane that is aligned with (011)α'. It follows that there are a total of 24 distinct KS relations and 12 NW relations for the possible orientation of an α' crystal in a γ parent.
In Table 1 we have used a notation that identifies the Bain variant of each crystallographic orientation. The utility of this notation for the discussion of elastic energy and microstructure becomes apparent when we exhibit the transformation strains that are required to produce the various variants. For pure iron, the transformation strains associated with the three Bain variants in Fig. 3 are   18) .......... (5) Transformation strains for the other variants listed in Table 1 can be obtained from these by symmetry. Note that the transformation strains are dominated by the diagonal Bain strain.
Examining the transformation strains makes it clear why the structure described by Maki et al. [15] [16] [17] tends to appear. 19) In this structure, martensite blocks are composed of the two KS variants that share the same Bain axis; the diagonal elements of the transformation strain are the same, but the offdiagonal elements largely cancel. An equal mixture of these has a net transformation strain that is almost a simple tetragonal strain. Packets are ideally composed of three such blocks, one for each Bain variant. When the three Bain variants are present in equal fractions, the net transformation strain is a simple dilation, the transformation strain that is most easily accommodated in a constrained polygranular matrix.
Structures as "simple" as the one described by Maki et al. [15] [16] [17] are rare. More complex arrangements appear as the composition is varied or the prior austenite grain size is refined. For example, in high-Ni steels the packet and block sizes tend to coincide; the prior austenite grain is apparently relaxed by sharing multiple packets with different Bain variants (though there is little specific characterization data). As the prior austenite grain size is refined, only one or two blocks appear in the grain; adjacent grains apparently adopt variants that balance the transformation stress, but the polygranular accommodation mechanisms have not been studied in detail.
The Effective Grain Size in Lath Martensitic Steel
The above analysis is consistent with an accumulating set of experimental data that identifies the "block" size as the effective grain size of lath martensitic steel, for both strength (Eq. (1)) and toughness (Eq. (2)). However, the block size may have a very different effect on the strength than it does on the toughness. This possibility is illustrated in Fig. 4 , which compares {100} and {110} pole figures that include all of the transformation variants. 18, 19) Variants that share the same Bain axis are gathered into tight, distinct clusters in the {100} figure, but are intermixed in the {110} pole figure.
A block contains a single Bain variant (even if laths with 2 KS variants are interleaved), and a block boundary is, ordinarily, a boundary between distinct Bain variants. It follows that {100} cleavage planes are essentially continuous across blocks, but ordinarily diverge at bock boundaries. Hence the coherence length for cleavage fracture is, ordinarily, the length across a block. However, the common {110} slip planes often have small divergent angles at block boundaries, and the block boundaries are themselves {110} planes. It follows that the block boundaries are not necessarily strong barriers to slip.
The Effective Grain Size for Strength
In the older work the effective grain size that governs the strength of a martensitic steel was usually assumed to be the packet size, which had the advantage of being a microstructural feature that could be measured with conventional metallography. However, more recent work suggests that the block size is a more useful measure, and modern EBSD techniques have made its value reasonably accessible. Recent work by Morito and Obha 20) showed that the replacement of packet size by block size in the Hall-Petch relation of Fe-0.2C and Fe-0.2C-2Mn steels produced a much more consistent value of the Hall-Petch coefficient, and, in fact, a value that is reasonably close to that found in ferritic Fe-Mn and in pure Fe, where the grain size is more easily defined. In situ indentation studies 21) have demonstrated that the lath boundary is almost transparent to dislocations in the absence of boundary films.
While it may seem obvious that the block size should be the effective grain size for the strength, since it provides the smallest significant crystallographic discontinuity, a closer examination shows that the role of the block boundary involves some subtlety, particularly when the blocks are used to subdivide a prior austenite grain that is much larger in size. The first issue is topological. Crystallographically distinct blocks are different Bain variants of the parent austenite. Since there are only three of these, it is geometrically impossible to design a microstructure in which each block is surrounded by dissimilar neighbors. The "effective grain size" of a lath martensitic steel is always some multiple of the block size.
The second issue is physical, and concerns whether a block boundary is an effective barrier to the transmission of plastic deformation. 18, 21, 22) The problem is that the Bain variants share common slip planes and, hence, may not effectively inhibit slip. The experimental evidence on this issue is ambiguous and puzzling. For example, intercritical heat treatments have been used for decades to refine the effective block size in lath martensitic steels to lower the ductile-brittle transition. 22, 23) These grain refinement treatments have very little effect on the yield strength. On the other hand, others 20) have found a strong Hall-Petch strengthening from block boundaries, comparable to that associated with highangle boundaries generated by powder processing or incoherent transformations.
A plausible explanation for this inconsistent behavior is found in the recent work of Ohmura and Tsuzaki, 24) who combined nano-and micro-indentation to compare the intragranular and polygranular hardnesses of martensitic steels. Their data appears to show that strengthening by block or packet boundaries (i.e., by Bain variant boundaries) is largely due to boundary decoration by carbon or carbide films. Their results may provide the key to understanding the influence of block size on strength. Decorated block boundaries strengthen much as incoherent boundaries do, while the relatively clean boundaries in low-carbon, gettered or tempered martensites have a much smaller effect on the strength. 
The Effective Grain Size and Toughness
Refining the block size of a martensitic steel is always effective in increasing its resistance to transgranular cleavage fracture, since Bain variant boundaries are crystallographic discontinuities in the {100} cleavage planes. It follows that packet or block refinement is a very successful approach to lower the ductile-brittle transition temperature (T B ) of a steel whose transition is governed by transgranular cleavage. Specific evidence for the "block" effect is shown in Fig. 5 , which is a profile fractograph of cleavage in lath martensite, showing fracture on the {100} planes common to laths in the packet, and crack branching at boundaries. Similar results have recently been reported by Wang et al., 25) who used EBSD techniques to show the boundary-induced decrease in cleavage crack length with block refinement in lath martensitic steel, and by Hanamura et al., 4) who obtained results that are similar, but with less definitive microstructure characterization.
It is not clear whether the same reasoning carries over to the common bainitic microstructures, in part because the microstructures themselves are neither so simple nor so well characterized. At least one authority on the subject, Anthony D'Ardo (Univ. of Pittsburgh) believes that the prior austenite grain governs cleavage, with little substructure influence other than on the strength. 26) Another authority, Harry Bhadesiah (Cambridge Univ.) believes that the most critical feature is austenite embedded within the grain, with cleavage becoming problematic when the microstructural perculation of this austenite is lost.
27)
Controlling the Ductile-brttle Transition
Research toward stronger, tougher steels and weldments has produced a rough consensus on the "right" way to control the ductile-brittle transition. The grain boundaries must be cleaned or modified to eliminate intergranular fracture, and the effective grain size must be refined to control transgranular fracture. The preferred method of grain refinement depends on the alloy, the geometry of the product, and the processing that can be tolerated. Low-carbon and HSLA steel sheets are given various thermomechanical treatments, and are alloyed to help control recrystallization and grain growth during deformation. At higher alloy contents, purely thermal treatments can be used. These are of considerable interest since they can be applied to thick plates and weldments.
There are three generic ways to refine the effective grain (block) size of lath martensitic steel: 23) (1) refine the prior austenite grain size, (2) break up the block by inserting a second Bain variant and (3) break up the block by inserting a second phase (usually austenite) along the lath boundaries. There are both thermal and thermomechanical methods to accomplish each of these. The thermal methods are described here since they are simple and illustrative, and are the methods that have been studied in some detail by the present author.
The thermal treatment of martensitic steels can be usefully divided into the four types illustrated on the schematic phase diagram section in Fig. 6 . 23) (1) The first (Q) is a simple austenite reversion treatment in which the steel is heated to re-transform it into the austenite phase, then cooled back again to recreate the martensite. (2) The second is an "intercritical anneal (L)". This term denotes a treatment just below Ac3, in the upper part of the two-phase region. A high volume fraction of γ -phase forms during an intercritical anneal. The γ -phase precipitates preferentially along martensite lath boundaries, producing a microstructure of parallel laths of alloy-rich γ and well-tempered, alloy-lean αT. However, the γ -phase formed at temperatures near Ac3 is only slightly enriched in alloy content and largely retransforms during cooling, producing a "dual-phase" structure in which laths of tempered and fresh martensite alternate. The dominant reaction is
There is often a small amount of residual austenite retained in the lath boundaries. (3) The third is an "intercritical temper (T)". We use this term to denote tempering at a temperature slightly above Ac1, in the lower part of the twophase region. During this treatment a solute-rich γ-phase precipitates while the residual α loses solute and tempers. Most commonly, the γ forms as small islands along the lath boundaries of the martensite. Because of its high solute content and small size, most of the austenite is retained on subsequent cooling to room temperature, producing a microstructure with martensite laths separated by long islands of austenite along the lath boundaries. The reaction is where α' designates fresh martensite and αT labels martensite that has been tempered during the intercritical treatment. The precipitated austenite serves two functions that affect the brittle transition. It softens the martensite constituent by gettering carbon and other solutes. More importantly, it separates the laths within a packet which, in a somewhat subtle way we shall describe below, refines the effective grain size of the steel. (4) The fourth is a normal temper (t) in which the steel is heated at a temperature beneath the two-phase region.
The most common way to refine the block size is to refine the prior austenite grain size, which eventually constricts the sizes of packets and blocks. While the prior γ grain size is usually controlled by thermomechanical processing, it can also be refined by cyclic reversion treatments. Rapid thermal cycles ("spike reversion") is particularly effective, and has been used to process martensitic steel for exceptional hydrogen-resistance, 23, 28) and for cleavage resistance in the as-welded condition, using a multi-pass welding procedure with each pass used to cycle the pas before it. [29] [30] [31] The most common method of block decomposition is to introduce stable, precipitated austenite along the martensite lath boundaries via a QT or QLT treatment of the type used in (6-9)Ni cryogenic steels ( Fig. 7(a)) . 23, 32, 33) While the mechanism by which precipitated austenite lowers TB has been controversial in the past, it now seems clear that its primary effect is to break up the block. The mechanism is the following. While the interlath austenite in a properly treated QT or QLT material is thermally stable, it is mechanically unstable, and transforms to fresh martensite during fracture. 34) However, the stress field of a crack propagating through a block of lath martensite is such that the austenite does not transform to the martensite variant of the surrounding block, but rather to another variant which is, in fact, a different Bain variant from that of the block. 35, 36) It follows that the transformation induced by the crack tip stress decomposes the packet into alternating laths that have different Bain variants and, hence, can no longer cleave as a unit. This block decomposition causes a dramatic decrease in TB.
A second approach to block decomposition is a multiple cycle treatment of -LQ-steps that directly decomposes the block. 23, 37) An intercritical anneal (L) treatment of lath martensite modifies a homogeneous block of lath martensite into a heterogeneous block in which alternating laths have different chemical composition. When the block is subjected to a reversion (Q) treatment, the different compositions of adjacent laths have the consequence that they have different martensite transformation temperatures (Fig. 7(b) ). On quenching the solute-lean laths retransform first. The result is to impose stresses on the solute-rich laths that cause them to transform into a different Bain variant. The result is a decomposed block in which alternate laths have different Bain variants. This is, essentially, the treatment that has been used to refine the effective grain size of 12Ni-0.25Ti so effectively that it remains tough at 4K. 38, 39) It has also been shown to be beneficial in Fe-Mn alloys with Mn content of 6-8 wt.%. 40, 41) 
Conclusion
Some forty years of research on the microstructure and toughness of lath martensitic steels has produced a semiquantitative understanding of the brittle transition to cleavage. The results identify the crystallographic "block" of lath martensite as the effective grain size that controls cleavage. Several metallurgical processes are now available to refine the block size without excessive strengthening, leading to martensitic structural that combine high strength with good low-temperature toughness.
